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Abstract 

Minimal universal extra dimensions (mUED) is often thought to predict that the lightest Kaluza- 
Klein particle (LKP) is the Kaluza-Klein gauge boson B , leading to conventional missing energy 
signals at colliders and WIMP dark matter. In fact, the implications of mUED are far richer: the 
B 1 , charged Higgs boson H , and graviton G 1 are all possible LKPs, leading to many different 
"phases" with distinct signatures. Considering the complete phase diagram, we find predictions for 
charged or neutral particles with decay lengths of microns to tens of meters; WIMP, super WIMP, 
or charged relic particles; metastable particles with lifetimes of the order of or in excess of the age 
of the universe; and scenarios combining two or more of these phenomena. In the cosmologically 
preferred region, the Higgs boson mass is between 180 and 245 GeV, the LKP mass is between 810 
and 1400 GeV, and the maximal splitting between first Kaluza-Klein modes is less than 320 GeV. 
Lhis region predicts a variety of exotic collider signals, such as slow charged particles, displaced 
vertices, tracks with non-vanishing impact parameters, track kinks, and even vanishing charged 
tracks, all of which provide early discovery possibilities at the Large Hadron Collider. 

PACS numbers: ll.10.Kk, 12.60.-i, 95.35. +d, 98.80.Cq 
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I. INTRODUCTION 



The idea that there may be extra spatial dimensions is an old one, going back at least 
as far as the work of Kaluza and Klein in the 1920's [lj. Their original idea was untenable, 
but it has many modern descendants, of which the closest living relative is universal extra 
dimensions (UED) [2]. In UED, all particles propagate in flat, compact extra dimensions 
of size 10~ 18 m or smaller. Each known particle has an associated set of heavy partner 
particles, providing a wealth of possible implications for particle physics and cosmology. 

In this study we consider minimal UED (mUED) in which there is one extra dimension 
of size R compactified on an S 1 /Z 2 orbifold, where Z 2 is the action y — » — y, with y the co- 
ordinate of the extra dimension. Every state of the standard model has a partner particle at 
Kaluza-Klein (KK) level n with mass nRr 1 , supplemented by tree-level contributions from 
electroweak symmetry breaking and radiative corrections [1, 0]. In general UED theories, 
there may also be contributions to the KK masses from mass terms localized on the orbifold 
boundaries. These contributions would generically violate bounds on flavor and CP viola- 
tion. To remain consistent with experiment, a simple assumption, which defines mUED, 
is that these boundary contributions are absent. The resulting model preserves a discrete 
parity known as KK-parity, which implies that the lightest KK particle (LKP) is stable and 
a possible dark matter candidate jl, 0, Q, @, 0] . 

Minimal UED is therefore an extremely simple, viable extra dimensional extension of 
the standard model. It is completely determined by only 2 parameters: rrih, the mass of 
the standard model Higgs boson, and one new parameter, R, the compactification radius. 
(In detail, there is also a third parameter, the cutoff scale A, but the dependence on A 
is logarithmic and weak, as discussed below.) Precision electroweak measurements require 
R^ 1 > 250 GeV 0, 10], with other low energy constraints similar or weaker [ll, Particle 
physics alone does not place an upper bound on -R -1 , but the thermal relic density of LKPs 
grows with -R -1 , and LKPs would overdose the universe for R- 1 > 1.5 TeV @, 0, 0, M, 
16 . 13], providing strong motivation for considering weak-scale KK particles. For the Higgs 
boson mass, the direct constraints on the standard model also apply to UED and require 
m h > 114.4 GeV at 95% CL [18]. In contrast, however, the indirect bounds on m h are 
significantly weakened relative to the standard model, requiring only < 900 GeV for 
R- 1 = 250 GeV and m h < 300 GeV for R~ l = 1 TeV at 90% CL [h}. 

Early studies of UED focused on the line in model parameter space defined by = 
120 GeV [ij and neglected the existence of the KK graviton G 1 jl, 0]. Given these as- 
sumptions, for i? -1 > 250 GeV, the LKP is the hypercharge gauge boson B 1 , and these 
studies therefore focused on missing energy signals at colliders and weakly-interacting mas- 
sive particle (WIMP) dark matter for cosmology. These predictions are similar to those from 
supersymmetry with i?-parity conservation. UED with KK-parity and supersymmetry with 
i?-parity predict different collider event rates for similar spectra, and the different spins of 
partner particles may be distinguished through, for example, indirect dark matter detection 
in positrons [fj]. Nevertheless, the difficulty of distinguishing UED and supersymmetry has 
attracted much attention and been a fertile testing ground for future experiments, especially 
the Large Hadron Collider (LHC) 0. 

In fact, however, more recent studies have shown that framework of UED is far richer than 
indicated above. First, it was noted that the KK graviton G 1 necessarily exists in any UED 
model and may be the LKP, leading not to WIMP dark matter, but to superWIMP dark 
matter, with a completely different set of cosmological and astroparticle signatures @, S 0] • 
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Second, studies have now emphasized that, by relaxing the constraint = 120 GeV and 
considering higher values, KK Higgs bosons may become lighter than the B l . That both 
of these possibilities may be realized in a general UED model is, perhaps, not surpris- 
ing. Remarkably, however, all of these complexities arise even in the extremely constrained 
framework of mUED. Any one of the G 1 , B 1 , and the charged Higgs boson H ±1 may be 
the LKP, leading to many different "phases" of parameter space with qualitatively distinct 
signatures. The "triple point," where m G i = m B i = m H ±i, lies in the heart of parameter 
space at (ii! -1 , m/i) ~ (810 GeV, 245 GeV), leading to many interesting features. 

With this as motivation, we consider here the full parameter space of mUED and its 
implications for particle physics and cosmology. In Sec. [Ill we present the complete phase 
diagram of mUED. For reasons given below, we begin by excluding the graviton G l from 
consideration and define phases to be regions with distinct standard model (NLKP, LKP) 
pairs. With this classification, we explore the collider physics of mUED in Sec. IIII[ and find 
that long-lived particles with macroscopic decay lengths at colliders are common in the full 
parameter space. 

In Sec. IIV[ we then include the graviton G 1 , and examine each phase in light of cosmo- 
logical constraints on charged dark matter, diffuse photon spectra, and dark matter thermal 
relic densities. We find that each phase of parameter space is cosmologically viable, given, 
for example, a low enough reheat temperature Trh > 1 MeV, justifying the effort made in 
Sec. IIHI to elucidate the collider implications of every phase. At the same time, for standard 
cosmological scenarios with Trh ~ 10 GeV, we find that the viable region of parameter 
space has 180 GeV < m h < 245 GeV, 810 GeV < FT 1 < 1400 GeV, and a maximal split- 
ting between the LKP and the heaviest n = 1 KK state (the KK gluon g 1 ) always less 
than 320 GeV. In addition, this cosmologically favored region of the phase diagram predicts 
charged particle decays, such as H +1 — > B 1 ud, B 1 cs 1 B 1 e + u e , i? 1 y u + z/ M , B 1 t + v t , with macro- 
scopic decay lengths from microns to tens of meters, leading to the possibility of spectacular 
signals and early discoveries at the LHC. These predictions are rather striking and differ- 
entiate mUED from supersymmetry and essentially all other frameworks for new physics 
proposed to date. These collider signals, as well as other conclusions and future directions, 
are presented in Sec. [V] 

Finally, our conventions and notations are collected in Appendix [AJ along with Feynman 
rules and other technical details helpful for determining decay widths. 

II. MASS SPECTRUM AND PHASE DIAGRAM 

As we will see below, although mUED is among the simplest extra dimensional extensions 
of the standard model, the spectrum of mUED is remarkably intricate. We will find that 
there are several LKP candidates, and degeneracies < 1 GeV among the lightest KK states 
are not uncommon. 

Rather than deal immediately with the complexity of this complicated spectrum, we 
begin in this section by ignoring the existence of the KK graviton G 1 . This is beneficial for 
two reasons. First, because the KK graviton has only cosmological significance, neglecting 
it allows us to defer cosmological considerations and the accompanying dependence on early 
universe assumptions to focus on collider physics predictions, which are much more robust. 
Second, this simplification allows us to divide the parameter space into a manageable number 
of phases with qualitatively distinct signatures at colliders. 

The definition of "phase" is, of course, somewhat arbitrary. The simplest option is to 
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divide the parameter space into regions with different LKPs, as a pair of LKPs is produced 
in every KK event, and so the nature of the LKP determines to a large extent the collider 
signatures. At the other extreme, one might argue that, viewed in sufficient detail, collider 
signals depend on the entire KK spectrum, making each point in parameter space a different 
phase and eliminating the utility of the concept of phases in model parameter space. 

For mUED, however, we find that a useful definition of phases lies between these two 
extremes. As we will see, in mUED, the nature of both the LKP and the next-to-lightest 
KK particle (NLKP) are important, as they both impact qualitatively what signatures are 
predicted. In this section, we therefore, exclude the G 1 from consideration and divide the 
parameter space into phases with distinct standard model (NLKP, LKP) pairs. In mUED, 
and without taking into account the KK graviton, the following KK particles may be either 
the LKP or the NLKP: the hypercharge gauge boson B 1 , the 3 SU(2) singlet leptons e^, 
[Ax, and T^, the charged Higgs boson H ±1 , and the CP-odd Higgs boson A 1 . The complete 
spectrum for mUED, including one-loop corrections, was first presented in Ref. [3}. Here we 
reproduce the formulae that determine the masses of these states. 

The mUED spectrum is completely determined by 3 parameters, 

R-\ m h , A , (1) 

where R is the compactification radius, rrih is the Higgs boson mass, and A is the cutoff scale. 
As seen below, masses depend only logarithmically on A. The dependence is therefore weak, 
and we have checked that, for the range 10 < AR < 50, our main results are essentially 
independent of A. For numerical results, we take AR = 20 throughout this study. 
The G l , H ±1 , and A 1 masses are 

m G i = R- 1 (2) 
m 2 H ±i = R~ 2 + iriw + 5m 2 H (3) 
m\x = R~ 2 + m| + 5m 2 H , (4) 

where the radiative correction to the Higgs boson masses is 



'3 2 3 /2 _ m|\ \n(A 2 R 2 " 
2 9 + I 9 ^ ~16^ 



Sm 2 H = r-9 2 + -a' 2 - ^ -^^R- 2 , (5) 



and v ~ 246 GeV is the Higgs boson vacuum expectation value. Note that the electroweak 
symmetry breaking and radiative corrections to mgi are negligible, and the corrections to 
mn±\ and m^i are not only small, but may also be either positive or negative, depending 
on mh- 

The KK charged lepton mass matrix, where II and Ir denote SU(2) doublet and singlet 
states, respectively, is 

/ A.. 

( r 



R 1 + Sma mi 



L 



v .... ~ ^J< <«» 

where 

/27 2 9 /2 \ ln(A 2 i? 2 ) n , 

9 /2 ln(A 2 _R 2 ) x 
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For the viable regions of parameter space, the lighter eigenstate is very nearly a pure l R state, 
and so we refer to it as l R . We diagonalize the mass matrix of Eq. ([6]) (and also the matrix 
of Eq. (J9j) below) in obtaining numerical results, but the l R mass is very well-approximated 
by the lower right-hand entry of the mass matrix. The KK leptons e R , /j, R , r R are extremely 
degenerate, with m T } i {ti s R ) ~~ m e 1 R ~ m r(^)-^ ~ 1 MeV (10 keV). 

The neutral electroweak gauge boson masses are, in the basis (B 1 , W 1 ), 



R- 2 + k'V + 5m 2 Bl \g'gv 2 

\g'gv 2 R- 2 + \g 2 v 2 + Sm 2 wl 



(9) 



where 



39 g ,2 ((3) _ g' 2 ln(A 2 # 
v Y 16vr 4 6 16vr 2 

w \ 2 16vr 4 2 16vr 2 1 

and ( is the Riemann zeta function, with £(3) ~ 1.202. For the viable regions of parameter 
space, the lighter eigenstate is approximately a pure B 1 state, and so we refer to it as B 1 . 
Its mass is well approximated by the upper left-hand entry of the mass matrix. Note that 
the contribution from electroweak symmetry breaking may be canceled by the radiative 
correction. 

For the reasons given above, we now ignore the G l and divide the parameter space 
into regions with distinct (NLKP, LKP) pairs. The result is given in Fig. [TJ There are 
four phases, which, from lower left to upper right, have the (NLKP, LKP) combinations 
l:(l R ,B l ), 2:(H ±1 ,B 1 ), 3:(B\H ±1 ), and 4: (A 1 , H ±l ). Note that the line m h = 120 GeV 
lies completely in Phase 1 (for 115 GeV ^ R' 1 ^5 1430 GeV), but for larger mh, the H ±1 
becomes the NLKP. For even larger mh, the H ±l becomes the LKP, and for still larger 
mh, the lightest two KK particles are the two Higgs bosons A 1 and H ±1 . Although we are 
temporarily excluding the KK graviton from consideration here, for later reference, we have 
also plotted the line on which m G i = m B ±. The "triple point," where m R \ = m G \ = m H ±i, is 
at (R~ x , m h ) ~ (810 GeV, 245 GeV) for AR = 20, and its location is essentially independent 
of A in the range 10 < AR < 50. 

In Fig. [21 we show the mass splittings Am = ttinlkp — m LKP in the full parameter space. 
Remarkably, the mass splittings are only of the order of 1 to 10 GeV throughout the full 
phase diagram. One might expect splittings of the order of R~ l /{IQn 2 ), m^R ~ 10 GeV; 
modest additional cancellations arising from effects highlighted above in fact make this an 
overestimate in most of parameter space. 



III. LONG-LIVED PARTICLES AT COLLIDERS 

In Sec. [Ill we found fractional degeneracies of 0.001 to 0.01 throughout the mUED phase 
diagram. These degeneracies suppress NLKP decay widths, such that NLKPs produced in 
colliders may decay at points macroscopically separated from the interaction point. In this 
section we present numerical results for the most relevant decays. Two- and three-body 
decay widths and lengths are given in Figs. [3] and HI respectively, and the NLKP decay 
lengths throughout mUED parameter space are given in Fig. [51 Analytical formulae for the 
decay widths, along with useful results for calculating them, are given in Appendix [A] 
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FIG. 1: The complete collider phase diagram of mUED in the (i? -1 , m^) plane, where R is the 
compactification radius, and is the Higgs boson mass. The KK graviton G 1 has been excluded 
from consideration, and the standard model (NLKP, LKP) pairs in each phase are as indicated. 
We have set AR = 20. For reference, the line on which tuqi = nigi is also plotted. The "triple 
point," where m B i = m G i = m H ±i, is at (i? _1 ,m/i) (810 GeV, 245 GeV). 
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FIG. 2: Mass splittings (in GeV) between the standard model NLKP and LKP in the full phase 
diagram of mUED. The dashed lines are the boundaries between different phases shown in Fig. [TJ 
We have set AR = 20. 



6 




0.01 0.1 1 10 

Am (GeV) 



FIG. 3: Decay widths and decay lengths as a function of the mass splitting Am between KK states 
for the two-body decays indicated. We have fixed the decaying particle's mass to M = 1 TeV. 
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FIG. 4: Decay widths and decay lengths as a function of the mass splitting Am between KK states 
for the three-body decays indicated. We have fixed the decaying particle's mass to M = 1 TeV. 
The discontinuities result from setting mj = mp = for all kinematically accessible final states. 
We include the ud final state above the tttt threshold. 

In Phase 1, the NLKP to LKP decay is l R — > B l l R , which is a two-body decay suppressed 
only by the mass degeneracy discussed above. As can be seen in Eq. flA17[) and Fig. [31 for 
mass splittings 100 MeV < Am < 10 GeV the decay lengths are 10~ 9 m > cr > 10~ 13 m 
(for R~ l = 1 TeV). To observe displaced vertices or non- vanishing impact parameters at 
colliders, decay lengths should be greater than about 10 /im. The l R — > -B 1 /^ decay lengths 
are, then, too short to be observable in any part of Phase 1. 

Are there other particles in Phase 1 that can have macroscopic decay lengths? Although 
the answer is no, this question merits discussion. The 4 lightest standard model states in 
most of Phase 1 are, in decreasing order of mass, {A 1 , H ,l l R , B 1 ) . The charged Higgs 
boson decays through H ±l — > B 1 ff and H +l — > l R V[. The former is three-body and 
parametrically suppressed by (Am) 5 /(m^M 2 ). As can be seen in Eq. (IA280 and Fig. HI 
this by itself would lead to a macroscopic decay length. The latter decay is two-body, but 
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FIG. 5: Standard model NLKP decay lengths in the full phase space of mUED. We have set 
AR = 20 and neglected the KK graviton G 1 . The dashed curves are the boundaries of phases 
shown in Fig. [TJ 



suppressed by Yukawa couplings. Unfortunately, this suppression for the r decay mode is 
insufficient to keep the decay length macroscopic. Of course, there is an extremely thin region 
in Phase 1 along the border between Phase 1 and 2 in which H + 1 — > Jx^v^ is kinematically 
allowed but H +1 — > f R v T isn't, which would make the H ±l decay length observably long, 
but we do not consider this further. 

InPhase 1 the A 1 may decay through A 1 -> H ±l ff', B 1 ^, l R l R . (Note that A 1 -> B 1 Z* -> 
-B 1 // is not allowed, because the tree- level AZZ coupling is forbidden by CP-invariance, 
and, of course, the tree-level AZj coupling is absent because the A is neutral.) The first two 
are highly suppressed; A 1 — > H ±1 ff is parametrically suppressed by (Am) 5 /m^, a huge 
suppression given the degeneracies of mUED, and A 1 — > B 1 ^ is a two-body decay, but is 
loop-suppressed. However, T(A 1 — > T r Ir) = T(H ±1 — > l R vi), and so, once again, the Yukawa 
coupling decay is not sufficiently suppressed to produce a long-lived track. 

We conclude, then, that there are no long-lived tracks in Phase 1. It is rather remarkable, 
however, that the NNLKP and the NNNLKP can be so close to being long-lived, despite 
the many decay channels open to them. 

In Phase 2 the NLKP to LKP decay, H ±1 -> B x ff, is three-body. The para- 
metric phase space suppression of (Am) 5 /(m^M 2 ) leads to decay lengths of 20 cm for 
Am = 1 GeV, as seen in Eq. (IA28I) and Fig. |U As a result, displaced vertices and 
non-zero impact parameters are expected for much of Phase 2 from the decays H +1 — > 
B 1 e R ~i> e , B 1 n~j t i' l j i , B 1 t r ~v t , B l ud, B l cs. The standard model fermions produced are extremely 
soft, creating a difficult challenge for collider experiments. We discuss these issues in Sec. IVl 

Approaching the upper boundary of Phase 2, the H +1 and B 1 may be arbitrarily degen- 
erate. For Am < 0.4 GeV, the H +1 is essentially stable for collider phenomenology (again, 
see Eq. ( 1A28j) and Fig. HJ), resulting in signals associated with slow, metastable charged 
particles, such as highly-ionizing tracks and time-of-flight signals. 
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In Phase 3, the B 1 and H exchange roles relative to Phase 2, and the NLKP decay is 
B 1 — > H ff. For small mass splittings Am <C M, this decay width differs from that for 
H ±1 — > B l f f only by the average over 3 initial spin polarizations, and so the decay length 
is 3 times longer, as shown in Eq. (IA320 and Fig. HJ This decay length is longer than 10 
mm for most of Phase 3, and so the B 1 is potentially observable as a long-lived particle. 
Note, however, that in contrast to Phase 2, the parent particle here is neutral and the heavy 
daughter particle is charged. 

As one approaches the Phase 3/Phase 2 boundary in Phase 3, of course, the splitting 
between the B 1 and H +l may be arbitrarily small. For Am < 0.5 GeV, the B l lifetime is 
so large that one expects the standard missing energy signal. 

Finally, in Phase 4 the NLKP decay is A 1 — > H ±1 ff; the decay length is given in 
Eq. (IA36I) and Fig. HJ The A 1 and H ±l masses are similarly controlled by and m^, 
and so their mass splitting is almost constant throughout the phase diagram. In Phase 4, 
Am = m^i — m H ±i varies from 0.7 GeV to 1.8 GeV, and the A 1 decay length varies from 
10 /im to 1 mm. This prediction is quite robust, and the decay length is therefore likely in 
the observable range. 



IV. COSMOLOGICAL CONSTRAINTS 

So far we have neglected the KK graviton G 1 and ignored cosmological constraints. In 
this section, we re-introduce G 1 and discuss the three most stringent cosmological bounds 
on mUED: null searches for exotic charged stable particles, the diffuse photon spectrum, 
and the thermal relic density of WIMP dark matter. 

Throughout this section, we assume that G l production during reheating after inflation 
is negligible. This may very well not be the G 1 production is extremely effective in 

UED [9|, and may be significant even for reheating temperatures Trh ~ TeV. The possibility 
of KK graviton production during reheating has been examined in Refs. 



With this assumption, the KK graviton is cosmologically relevant when it is the LKP. 
In Fig. 0, we present the complete cosmological phase diagram of mUED, where phases are 
defined by the LKP when it is a standard model KK particle, and by the (NLKP, LKP) 
combination when the LKP is the KK graviton G l . 



A. Charged Stable Particles 

In Phases 3 and 4, the lightest standard model KK particle is the charged Higgs boson 
H ±l . Including the KK graviton G 1 , we find that the H^ 1 is not the lightest KK particle 
everywhere in this region: in a thin region along the lower left border of Phase 3, G 1 is 
lighter than H ±1 by a GeV or less (for Rr 1 > 300 GeV). The lifetime for H ±1 -> G l ff 
is given in Eq. (IA56I) ; parametrically, it depends on (Am) 7 /(m^M 4 2 m^ ±1 ), where M 4 ~ 
1.72 x 10 18 GeV is the 4-dimensional Planck mass. It is therefore extraordinarily suppressed 
and typically many orders of magnitude greater than the age of the Universe. Effectively, 
then, the H ±1 is stable throughout Phases 3 and 4. (It is interesting to note, however, 
that this feature can easily change if the mUED is minimally extended to include KK right- 
handed neutrinos [llj. In these scenarios, the KK right-handed neutrinos effectively act as 
a new super WIMPs, and can ameliorate cosmological and astrophysical constraints.) 
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FIG. 6: The complete cosmological phase diagram of mUED in the (i? _1 ,m/i) plane. Phases are 
determined by the LKP when it is a standard model KK particle (H +1 or B 1 ), and by the (NLKP, 
LKP) combination when the LKP is the KK graviton G . The dashed lines denote boundaries of 
the collider phase diagram, as given in Fig. [TJ We have set AR = 20. 



The possibility of a stable charged particle is often considered to be completely excluded 
by bounds on charged dark matter. On the other hand, it is also true that such particles can 
be diluted away to insignificant abundances by a period of inflation. The tension between 
these two statements may be put on a quantitative footing by asking the question in the 
following way: Assume inflation diluted the H density to zero. The universe then reheats, 
however, and Higgs bosons H ±1 are regenerated. What is the maximal reheating temper- 
ature Trh such that the resulting H ±1 density is consistent with bounds on charged relic 
particles? The lower the maximal Trh is, the more cosmologically disfavored the scenario. 
If the maximal Trh is less than 1 MeV, the required reheat temperature is inconsistent with 
big bang nucleosynthesis and the scenario may be considered excluded by cosmology. 



Bounds on Trh were considered in exactly this context in Ref. [241 ] . For stable charged 
particles X with masses 100 GeV <• irtx ^5 1 TeV, this study found that the extremely 
stringent bound nx/nu ^5 10~ 28 [25[ on the number density of charge +1 X particles relative 
to that of Hydrogen atoms in sea water requires Trh ~ 1 MeV, effectively excluding such 
particles. However, for 1 TeV % nix ~ 1-6 TeV, the experimental limit weakens drastically 
to nx jnn ~4x 10~ 17 (26| , and Trh as high as ~ 1 GeV is possible. Although Trh ~ GeV 
is still extremely low from a model building point of view, we know little about the Universe 
at temperatures above 1 MeV, and such a possibility cannot be excluded. 

We conclude that Phases 3 and 4 with R^ 1 < 1 TeV is excluded cosmologically, but the 
rest of Phases 3 and 4 is allowed, provided the reheating temperature after inflation satisfies 
Trh ~ GeV. Of course, in all cases, the H ±l relic density is insufficient to be a significant 
amount of dark matter. 
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B. Diffuse Photon Flux 



In Phases 1 and 2 with i?" 1 < 810 GeV, the KK graviton G 1 is lighter than the lightest 
standard model KK particle, the B 1 . The decay B 1 — > G lf y is gravitational and the B 1 — G 1 
mass splitting is typically a few GeV or less. The resulting decays, given in Eq. (IA51I) . are 
therefore extremely suppressed. For G 1 masses greater than 300 GeV, the maximum mass 
splitting between the G 1 and B 1 is about 1.5 GeV. Equation (IA51I) then implies that the B l 



will decay after matter-radiation equality, and these decays are thus strongly constrained by 
cosmological observations. 

For injected energies ~ GeV in the redshift range of interest (z ~ 10 3 - 0), the decay 
photons redshift, but the flux of photons is otherwise unattenuated by scattering processes 
with the intergalactic medium or cosmic microwave background photons [3l[ . The fact that 
the B 1 — > G lr y decays fall in this transparency window is quite unique. If the decay photons 
were injected with energies greater than 10 to 1000 GeV, depending on the decay redshift, 
a large optical depth would result from pair-production off of cosmic microwave background 
photons. For lower injected energies below 10 keV, decay photons would lose energy from 
scattering off of free electrons and atoms. From Eq. (IA51I) . a B 1 decaying today will produce 
photons with injected energy ~ 20 MeV. 

Constraints on late decaying B l particles have been considered in the context of the 
superWIMP dark matter scenario in Ref. [||. The diffuse photon spectrum from B 1 — > G lr y 
decays is [§] 

3 A" in t r E 1 „-(E/E in f/ 2 (t /T) 



dE 8vr VnEu 



Ew 



where Aj n is the number of B 1 particles at freeze-out, Vq and to are the present volume and 
age of the Universe, respectively, and r is the B 1 lifetime. E- m = (m Bl — m 2 Gl ) /2mB^ is 
the initial energy of the produced photons, which is related to the present energy through 
E in = (1 + Zia)E, where z in is the redshift when produced. For Am = m B i — m G i -C m B i, 
t oc (Am) -3 and E- m pa Am, and both are independent of the overall KK mass scale. 

We compare this diffuse photon spectrum to the diffuse background spectrum in the MeV 



regime from COMPTEL [32 



— ~ 1.1 x 10~ 4 
dE 



E 



5 MeV 



-2.4 



MeV" 1 cm" 2 s" 1 sr" 1 , (13) 



valid over an energy range E ~ 0.8—30 MeV. To apply the constraints from the observations, 
we demand that the integrated flux from B 1 decays be less than the integrated flux from 
the observed background over the energy range of interest. In principle, this bound could 
be made more strict by comparing the spectrum of photons from decays to the power-law 
spectrum in Eq. fflBl . However, since the photon background excludes such a large class of 
models, we find the integrated flux bound an accurate criterion for our purposes. 

For a given number density A^ in the diffuse photon flux excludes certain lifetimes r. These 
constraints are given in Fig. [3, where we express the value of A^ in terms of Qb 1 normalized 
to Odm for mgi = 800 GeV. All parameters above the curve are excluded by our criterion. 

In the relevant region of the rnUED phase diagram (Phase 1 and 2 with R^ 1 < 810 GeV), 
r > 10 12 sec. Assuming reheating temperatures Trr- ~ ^b 1 /25, the B l, s are produced with 
significant thermal relic densities, and these models violate the bounds of Fig. [71 This region 
of the phase diagram is therefore also excluded given standard cosmological assumptions. 
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FIG. 7: Constraints on the B 1 relic density (if they had not decayed) from requiring that the 
integrated flux of photons from B 1 — ► G 1 j not exceed the observed MeV diffuse photon flux. The 
region above the curve is excluded. 

However, as in Sec. IIV A\ for lower reheat temperatures, bounds from the diffuse photon 
flux may be evaded. 

Our bound assumes that the B 1 decays during matter domination, and we have neglected 
the impact of the clustering around dark matter halos. Figure [7] shows that the larger the B 1 
lifetime r the more stringent the constraint on Qb 1 - Of course, for extremely long lifetimes 
r greater than the age of the Universe, the constraint weakens again. For r > t , it is 
possible to derive a strict bound from diffuse particles in the galactic halo, which would also 
contribute to the diffuse gamma ray background [22| . 



C. WIMP Thermal Relic Density 

In Phases 1 and 2 with R^ 1 > 810 GeV, the B 1 is lighter than the G 1 , and so it 
is absolutely stable and a WIMP dark matter candidate. Given standard cosmological 
assumptions, the B 1 thermal relic may then be determined. The first calculation of Ref. j5| 
has now been refined by the inclusion of the full mUED spectrum, radiative corrections to 
KK particle masses, n = 2 resonances, and all co-annihilation processes [l3|, 0, 

The results of Ref. [l7j are reproduced in Fig. [HJ which is discussed more fully in Sec. [V] 
Requiring that the B 1 thermal relic density not exceed the observed dark matter density 
provides yet another cosmological constraint on the mUED phase diagram, excluding the 
lower right-hand portion of the (i? _1 ,m/j) plane. 

Of course, as with the other cosmological constraints, the WIMP relic density constraint 
may also be avoided by assuming a lower reheating temperature, which, in this case, is 
somewhat below m^i/25. 



is, m 17 
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V. SUMMARY AND LHC SIGNALS 



In this study we have analyzed the complete parameter space of minimal universal extra 
dimensions (mUED), in many senses the simplest extra dimensional extension of the stan- 
dard model. In mUED all particles propagate in one additional flat, compact dimension, 
and the model introduces only 1 additional free parameter, the compactification radius R of 
the extra dimension. Despite this extremely simple structure, we find that mUED encom- 
passes a wide variety of seemingly exotic and spectacular predictions for particle colliders 
and cosmology, once the entire parameter space is considered. 

Our results are summarized in Figs. [Q, [5j and [HJ We began by setting aside the KK 
graviton G 1 and cosmological considerations, leading to the complete collider phase dia- 
gram of Fig. [H We find that mUED supports 4 distinct standard model (NLKP, LKP) 
combinations, or phases, with qualitatively different implications for signatures. Potentially 
most spectacular is the prediction of long-lived particles at colliders. The NLKP decay 
lengths throughout parameter space are given in Fig. Long-lived TeV-scale particles 
might appear exotic and unlikely. However, the example of mUED provides a simple, con- 
crete counterexample that highlights a generic possibility: in any theory where TeV-scale 
particles receive identical tree-level mass contributions M from some new source, the typical 
splittings one might expect from radiative or electroweak symmetry breaking effects are of 
the order of M/(16n 2 ), rn^/M ~ 10 GeV. Modest additional cancellations can bring this 
down to ~ 1 GeV, and such splittings lead to macroscopic decay lengths in three-body 
decays. 

In mUED, the KK spectrum is highly degenerate, and so strongly-interacting KK parti- 
cles will be produced with large rates at the LHC. Long-lived NLKP tracks will therefore 
presumably be most easily identified in the cascades decays of KK quarks and gluons. Such 
events will be characterized by many jets and missing transverse energy, which will satisfy 
trigger criteria, and the jets will fix the interaction point. The possible signals are: 

• Phase 1: Prompt decays — > B 1 Ir, where I = e,fi,r, the mass splitting between KK 
states is Am ~ 0(GeV), and the final state lepton is consequently very soft. 

• Phase 2: Decays H ±l — ► B 1 ff, where //' = e + z/ e , ud, t + u t , cs, where the de- 
cay length is cr > 100 nm (for R^ 1 < 1400 GeV) and may be effectively infinite 
for collider phenomenology. Again Am ~ 0(GeV), and the final state fermions are 
very soft. Depending on the observability of the final state fermions, the exotic sig- 
natures could include non-prompt decays producing displaced vertices, tracks with 
non-vanishing impact parameters, track kinks, or even disappearing charged {H ±l ) 
tracks that mysteriously vanish after passing through only part of the detector. In 
the parameter region where the H^ 1 is effectively stable, it may be produced at low 
velocities, resulting in time-of-flight anomalies and highly-ionizing tracks. 

• Phase 3: Decays B 1 — > H ±1 ff, where the //' pairs are as in Phase 2, with decay 
length typically satisfying cr > 10 mm (except in a tiny region, in which could be even 
shorter than 10/zm), and again Am ~ O(GeV), and the final state standard model 
fermions are very soft. The possible signatures are as above, with the exception that, 
since the NLKP is neutral and the LKP is charged in this case, NLKP events could 
instead be seen as charged {H ±l ) tracks that mysteriously appear somewhere in the 
detector. 
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• Phase 4: Decays A 1 — > H ±1 ff, where / = e, fi,r,u,d, s,c, and the decay length is 
constrained to the relatively narrow range 10 /im < cr < 1 mm. The signatures are 
as in Phase 3. 

Following these collider results, we re-introduced the KK graviton G 1 and considered 
cosmological constraints. For a low enough reheating temperature after inflation, (portions 
of) all 4 phases, even Phases 3 and 4 with charged LKPs, were viable, justifying our efforts 
to classify their collider signatures. 

At the same time, much of the phase diagram is excluded if one assumes a standard 
cosmology with reheat temperature above R~ 1 /25. The final results are given in Fig. [HI 
Phases 3 and 4 are excluded by bounds on stable charged particles, Phases 1 and 2 with 
R^ 1 < 810 GeV are excluded by bounds from the observed diffuse MeV photon flux, and 
Phases 1 and 2 with high are excluded because WIMPs are overproduced through 
thermal freeze-out. 

The resulting cosmologically preferred region is bounded on all sides, resulting in the 
"triangle" shown in Fig. [HJ In this region 

• The Higgs boson mass lies in the range 180 GeV ^$ mn < 245 GeV. This region is 
allowed by indirect bounds on mn, and implies the "golden" 4 lepton signatures for 
Higgs bosons at the LHC. 

• The compactification radius satisfies 810 GeV < R~ x < 1400 GeV. The LKP mass is 
therefore in this range, and the splitting between the LKP and the heaviest n = 1 KK 
particle, the KK gluon g 1 , is never more than 320 GeV. KK particles will therefore be 
copiously produced at the LHC. On the contrary, none of these new particles would 
be produced directly at the International Linear Collider operating at center of mass 
energies below 1.5 TeV. 

• The NLKP to LKP decay is H — > B 1 f f , with decay lengths satisfying cr > 4 /im, 
with effectively no upper bound. Generically, then, long-lived tracks are predicted for 
the LHC, leading to the wealth of novel signatures detailed above. 

These features differentiate mUED from essentially all other proposals for new electroweak 
physics. In particular, they differ markedly from supersymmetry, in which all of these 
features would be viewed as extraordinarily unnatural. 

We have not examined the cross sections for, and backgrounds to, NLKP production 
at the LHC in these various phases. Such an analysis is, of course, required if one is to 
conclude anything about the observability of these interesting phenomena. We have also 
not considered the extension of mUED to include neutrino masses and KK right-handed 
neutrinos j2lj]. The existence of these new states at mass provides an alternative non- 
gravitational decay to the decays to G 1 discussed here. Given the simplicity of mUED and 
the results obtained here, all of these directions merit further investigation. 

We note also that the mUED scenario provides a simple particle physics framework for 
seemingly exotic cosmology. For example, it is remarkable that the values of that 
give significant B 1 thermal relic densities also give extremely degenerate B 1 and G 1 states. 
Throughout the mUED parameter space, it is quite easy to envision scenarios in which 
the dark matter is produced from the decays of cold, thermal relics with a wide variety of 
lifetimes. For example, we can consider decays at ~ 10 6 s, as in the superWIMP framework, 
or during the matter-dominated epoch of the universe, as in metaCDM (2?J , or even lifetimes 
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FIG. 8: The cosmologically preferred region of the complete phase diagram of mUED. The G 1 has 
been included, and the dark shaded regions are excluded by the cosmological constraints on stable 
charged relics, the diffuse photon flux, and WIMP overproduction, as indicated. In the preferred 
region, the light shaded region is from Ref. [ItJ and shows where the B l thermal relic density is 
within 2a of the WMAP central value for non-baryonic dark matter. Contours of constant decay 
length ct = 10 fim, 100 fim, 1 mm, . . . , 1 m, 10 m are also plotted (only the lowest few are labeled). 



longer than the age of the universe. In the context of cosmological small-scale structure, dark 
matter from decays may help alleviate problems facing standard CDM models [27|, [28|, 29.301. 
These unique phenomenological signatures suggest new avenues for investigating the identity 
of dark matter. 
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APPENDIX A: DECAY WIDTH ANALYSIS 



1. Notation and Approximations 

We use the following notation for the electromagnetic fine structure constant, the weak 
mixing angle, the hypercharge and weak coupling constants, and the 4-dimensional Planck 
mass: 

e 2 1 1 

a = — ~ , (Al) 

4vr 137 '128 K J 

sin 2 9 w ~ 0.238 , 0.231 (A2) 

9' = ~\- (A3) 
cos u w 

9 = -V ( A4 > 
sin Vw 

M 4 = -L— = 4=M* ~ 1.72 x 10 18 GeV . (A5) 
y/16nG N V2 

In the first 2 lines, the first numerical values given are appropriate for processes with mo- 
mentum transfer of ~ 1 GeV, and the second values are those at the weak scale appropriate 
for evaluation of the KK mass spectrum. 

Throughout this paper, we consider decays X(M,p) — > Y{m\, 91)^2(^2, Q.2)[Z^{mz, Q3)}, 
with mass and momentum labels given, where X and Y are heavy KK level n — 1 particles 
and Z 2 and Z 3 are light KK level n = (standard model) particles. We neglect the effects 
of standard model particle masses in all open decay channels. With this approximation, the 
two- and three-body decay widths are 

1 M 2 — m? 



(M 2 -m^ 2 )(m\ 2 -m\) 

2 / ~^T 7, 2 



dmf 2 I m - dml,———\M\\ (A7) 



m \ iZ Jo Z6 256tt 3 M 3 

respectively, where mf - = + qj) 2 ■ 

In presenting the results for decay widths, it is convenient to define 

Am = M-mi (A8) 

y - § <*» 

Nc = T. N 'o, (A10) 

i 

where Nc is the sum of color factors over all kinematically accessible channels. For three- 
body decays, we include only diagrams mediated by off-shell standard model gauge bosons, 
and neglect all others, which are mediated by much heavier KK particles and are suppressed 
by small Yukawa couplings. For example, for H ±1 — > B 1 ff, we include the contribution 
from //* 1 -> B 1 W ± * -> B l ff but neglect the contributions from H ±1 -> ff'^J'f 1 * -> 
B l f f . For all three-body decays, we also assume Am <C m^- 

Finally, in the width formulae below, the symbol ~ appears before expressions that are 
valid assuming Am <C M. 
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2. Two-body Non-gravitational Decays 



Feynman rules for the relevant vertices are 



771 n>min—m 

H- n l™v?- m 



Animin—m 
71 L R t L 



—I 



-Win 
9 m 



The decay widths are 



and 



bH r ) 



g' 2 M 



\/2 m w 
V2 rn w 



\-y)\\ + 2y) 



167T y 

3a (Am) 2 
~ cos 2 ^ M 

~ 2.87 x 1(T 5 GeV 
6.87 x 1(T 12 m 



Am 



GeV. 
GeV^ 2 



Am 



TeV" 
~M~. 
M - 
TeV. 



327r 77% 

a m 2 (Am) 2 
2 sin 2 d w m 2 w M 



~ 8.10 x 1(T 9 GeV^ 

mi 



Am 



2.44 x 1(T 8 

mf 



GeV 

GeV 
Am 



■ TTeV 

- M - ' 
.TeV. 



3. Three-body Non-gravitational Decays 

Feynman rules for the relevant KK vertices are 

2 



9, 



The decay widths are 

r^ 1 



E i f p, N c g 2 g' 2 M 5 
JJ ' ' " 49152tt 3 m 2 w m 2 
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t(b 1 -> H ±l ff^ 



and 



[l - y)(l + y + 73y 2 + 9y 3 ) + 12^(3 + Ay) hxy 
N c a 2 (Am) 5 



807T sin 2 9 W cos 2 9 W mLM 2 



1.96 x KT 16 GeViV, 



c 



Am 



1.01 m 



GeV 



Am 



GeV 
M 



5 r 



TeV 



M 



TeV 



2 T-l 



1474567T 3 m?. 



x 



1 - y)(9 + 73y + y 2 + y 3 ) + 12y 2 (A + 3y) \ny 
N c a 2 (Am) 5 



240vrsin 2 9 W cos 2 6 W m 2 w M 2 



6.52 x KT 1 ' GeVN, 



c 



Am 



3.03 m 



1 



GeV 



N c lAm 



GeV 
M 



TeV 



M 



TeV 



-, -1 



12288tt 3 mfy 

A" c a 2 
607T sin 4 6w m w 

1.40 x 10~ 13 GeViV, 

1 



\-y)(\-ly-ly l + y A 
(Am) 5 



12y 2 \ny 



c 



Am 



1.41 mm 



N, 



c 



rGeV" 


5 ■ 


. Am _ 





GeV 

-i 



(A25) 
(A26) 

(A27) 

(A28) 

(A29) 
(A30) 

(A31) 

(A32) 

(A33) 
(A34) 
(A35) 
(A36) 



4. Gravitational Interactions 

Feynman rules for gravitons in UED have been presented in Ref. (||. Here we abstract 
those most relevant for the phenomenology of the lightest KK states. 
The graviton interactions are given by 



hit 



E 



n rpTl flU 



-G n „T_ 



2M A ^ + ' 



(A37) 



where the sum is over KK levels. The stress-energy tensor receives contributions from scalars, 
fermions, and gauge bosons of the form 



T+h — E [Wrf" + ?TV P - rf v rf p ) D p H m ^ D a H n ~ 



m=0 



+ rf v m 2 H E m ^H n - m 



(A38) 
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rpfl )1L> 



E 

m=0 



(A39) 



1 + B 



E 

m=0 



rpm up rpn—mv _ p,v rpm rpn—m pa 



n— m p\ 



(A40) 



where ip\(x) = 0, m n = n/R, D is the covariant derivative, and F™ = d^B™ — d u B™. 
The sum over graviton polarizations is 



4 / 



k,,k n 



rat 



mi 



+ 2 V 



kpku 
ml 



kn k v 



3 ^ 



kpk a 
ml 



k v kp 
ml 



(A41) 



5. Two-body gravitational Decays 



Feynman rules for the relevant KK vertices are 

1 



, , , ^ [(7 P <?2 P - m„_ m ) - (7% - m m )\ 



(A42) 



VapPpQ2u - VpaP^u ~ Vu0pQ2a + VpaVu^P ' 92 ) 



The decay widths are 



LJ £i( 1 -#( 2 + 3l/) 



96tt Mim\ 
5 (Am) 4 

~ 8.97 x 1(T 41 GeV 



" Am ' 


4 


TeV 


lGeV_ 




L M \ 





7.34 x 10 15 s 


rGeV" 


4 


■ M - 














. Am _ 




LTeV. 





-1 -1 



(A43) 

(A44) 
(A45) 
(A46) 
(A47) 



19 



and 



r(S 1 -> G 1 7) 



cos 2 9w M 7 

144vr Mlm\ 
5 cos 2 8 W (Am) 3 



1 -2/) 3 (l + 32/ + 62/ 2 



9tt 



M 2 



4.55 x 10" 38 GeV 



Am 



i 3 



GeV 



rGeV" 


3 " 


. Am _ 





1.45 x 10 13 s 



6. Three-body Gravitational Decays 

The relevant KK interaction vertex is 

H ±n (p)Gl v Wj : i^-^pV^ + V^Vup - V^V P <r)p a ■ 
The decay width is 

N c g 2 



T(H 



±i 



M 9 

13824vr 3 ml r M\ 



11 >'-'4 m l 



;i-j/)(l-5y-5^ 



-245i/ 3 - 50y 4 + 4?/ 5 ) - 60y 3 (2 + 3y) lny 
Vc 2a (Am) 7 



63tt 2 sin 2 6 W m 2 w MlM 2 



5.58 x 10" 51 GeViVc 
1 



Am 



1.18 x 10 26 



N, 



c 



GeV 
GeV 7 



Am 



TeV 
M l2 



LTeV 



(A48) 
(A49) 
(A50) 
(A51) 



(A52) 
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